Abstract: Aqueous solutions of ultra-pure gold nanoparticles have been prepared by methods of femtosecond laser ablation from a solid target and fragmentation from already formed colloids. Despite the absence of protecting ligands, the solutions could be (1) fairly stable and poly size-dispersed; or (2) very stable and monodispersed, for the two fabrication modalities, respectively. Fluorescence quenching behavior and its intricacies were revealed by fluorescence lifetime imaging microscopy in rhodamine 6G water solution. We show that surface-enhanced Raman scattering of rhodamine 6G on gold nanoparticles can be detected with high fidelity down to micromolar concentrations using the nanoparticles. Application potential of pure gold nanoparticles with polydispersed and nearly monodispersed size distributions are discussed.
Introduction
Due to unique optical properties associated with the excitation of plasmons, gold-based nanomaterials (nanoparticles, nanorods, core shells, and designed nanoparticle arrays) have become increasingly popular for tasks of biological sensing, imaging, and therapy. In particular, extremely efficient optical absorption/scattering, with typically ∼10 5 -fold higher cross-section than dyes, has been employed for the formation of optical contrast in biological imaging, 1,2 as well as for light-induced hyperthermia of solid tumors. [2] [3] [4] On the other hand, strong electric field enhancement near gold (Au) nanoparticles is actively employed in surface-enhanced Raman spectroscopy (SERS) to detect and identify biological and chemical species of interest in in vitro [5] [6] [7] and in vivo 8 geometries. Finally, small (,2 nm) Au nanoparticles can exhibit strong fluorescence, making them good candidates for imaging applications. 9, 10 However, these applications are often complicated by potential toxicity issues, arising as a result of inadequate purification procedures of nanoparticles and nano-engineered materials obtained via synthetic pathways using toxic or non-biocompatible substances. 11 As an example, standard chemical procedure for the fabrication of colloidal Au nanoparticles is based on the reduction of a precursor salt with a reducing agent, which inevitably leads to surface contamination, mainly by residual anions and the reducing agent, complicating the above stated applications, especially in vivo. 12 The development of new methods for synthesizing plasmonic nanoparticles is an active field of research, 13, 14 including fabrication by short laser pulses. 15, 16 SERS applications are currently on the way to clinical trials, 17 and generic properties on nanomaterials in antiviral and cancer treatment applications are under fundamental study and in vivo experiments.
Pulsed laser ablation in liquids has recently emerged as a novel "green" tool for synthesis of colloidal nanomaterials, which offers a breakthrough in the solution of the toxicity problem. 20 In this method, laser radiation is used to ablate a solid target in liquid ambience yielding to the production of nanoclusters, which are then released into the liquid, forming a colloidal nanoparticle solution. When ablated in a pure aqueous environment, the method enables contamination of the nanoparticle surface, which is typical for chemically prepared counterparts, to be avoided. Although the size distribution of gold nanoparticles prepared by conventional "long" (nanosecond) laser ablation in deionized water is typically very broadened, [21] [22] [23] [24] [25] [26] [27] [28] it can be much improved by adding reactive surfactants (eg, sodium dodecyl sulfate). 23, 24 The employment of femtosecond laser radiation is of particular interest for nanoparticle synthesis, as it cannot only provide superior and controllable size characteristics, 29, 30 but can also improve solution stability due to a negative charge of formed nanostructures yielding to electrostatic repulsion effects. 31 Here, the employment of femtosecond fragmentation from preliminarily formed nanoparticles can further enhance advantages of ultrashort laser ablation to produce almost monodispersed gold nanoparticles with exceptional stability of colloidal solution in the absence of any protecting ligand. 2, 3 In addition, lasersynthesized nanoparticles can exhibit unique surface chemistry. In particular, due to a slight surface oxidation 31 gold nanoparticles can react not only with non-biocompatible surfactants (sodium dodecyl sulfate and cetyl trimethyl ammonium bromide), but also with OH groups of fully biocompatible substances such as cyclodextrins 32 or some polymers (eg, polyethylene glycol and dextran), 33 opening up new attractive pathways for biological applications. Surprisingly, despite the above-stated set of formidable properties, optical characteristics of laser-synthesized nanoparticles (except the absorption/scattering spectral feature associated with the excitation of plasmons) have not yet been systematically studied. This paper was conceived as an attempt to fill the existing gap in optical characterization of laser-synthesized nanoparticles. We first prepare aqueous solutions of unprotected Au nanoparticles by methods of femtosecond laser ablation and fragmentation, and then examine their fluorescence, Raman scattering, and fluorescence lifetime of dyes in the presence of pure Au nanoparticles. Numerical modeling of optical properties and comparison with experimental extinction spectrum as well as stability of solution were examined.
Samples and methods

Synthesis of Au nanoparticles
For our tests, we prepared aqueous solutions of pure Au nanoparticles by two femtosecond laser ablation-based routes. The first protocol implied the involvement of a classical geometry of femtosecond laser ablation from a gold target in liquid ambience. 29, 30 Briefly, the gold target (99.99%) was placed at the bottom of a glass vessel filled with 20 mL of highly deionized water (18.2 MΩcm). A 2.3 mm diameter beam of Yb:KGW femtosecond laser (Amplitude Systems [Pessac, France], 1025 nm, 480 fs, 500 µJ, 1-5 kHz) was focused with the help of a 750 mm lens onto the target surface to provide the ablation of material. The target was moved at a scanning velocity of 0.35 mm/s in the focusing plane to obtain identical surface conditions during the laser ablation, while the thickness of the water layer above the target was about 1 cm. Such ablation geometry normally leads to a reddish coloration of the aqueous solution (with some yellow tints in transmitted light) after 2-5 minutes of the experiment. A droplet of the prepared solution was then dropped onto a carbon-coated copper-based transmission electron microscopy (TEM) grid, dried, and then examined by TEM (see the Characterization of Au nanoparticles section for details). Laser synthesized nanoparticles had a broader size distribution ranging from a few to several tens of nanometers. Here, relatively large colloids were often interlinked by a large amount of smaller particles to form big aggregates in the solution. From statistical size analysis, the mean size and size dispersion were 15 ± 10 nm at full width half-maximum (FWHM), as shown in Figure 1 . It is noteworthy that numerical modeling of size distribution based only on the extinction spectra (see Results section), without consideration of the actual TEM size distribution, yielded the very same result.
As the second protocol, we employed methods of two step femtosecond laser fragmentation procedure introduced in a previous study. 34 The 10 mL of nanoparticle solution prepared by the first protocol was transferred into a glass cuvette and irradiated, in the very center of the cuvette, by a focused laser beam of the Yb:KGW femtosecond laser (using the same focusing lens), while the solution was stirred by a magnet to homogenize the ablation process. We used relatively low laser fluences (1 J ⋅ cm 2 ) to avoid the phenomenon of laser-assisted plasma breakdown of the liquid, but the radiation intensity was high enough to ablate the suspended nanoparticles. As shown in previous studies, [32] [33] [34] when the pumping laser wavelength is relatively far from the absorption band of Au nanoparticles (depending on nanoparticle size), the nanoparticles are predominantly ablated by radiation from a white light submit your manuscript | www.dovepress.com Dovepress Dovepress supercontinuum (presenting a wide spectrum from ultraviolet [UV] to infrared of femtosecond pulse length), generated in the water environment due to nonlinear self-focusing effects that normally accompany femtosecond laser-liquid interaction. 37 In our experiments, this white light supercontinuum was clearly visible in the liquid volume. The femtosecond-laser fragmentation process led to a change of solution color into deep (dark) red without any sign of yellow tints. After 40 minutes of fragmentation, the nanoparticle solutions were extremely stable and did not show any sign of precipitation, even after months of storage at room temperature. As shown in Figure 2 , the mean size of nanoparticles was about 24 nm, while the size dispersion was very weak (less than 10 nm FWHM). To study solution stability effects, we carried out fragmentation for 20 minutes, which led to a smaller mean size (15-17 nm) and broader size dispersion (14 nm FWHM). Samples prepared by femtosecond-laser ablation from the Au target (protocol 1; Figure 1 ) are referred to as sample Number 1. Samples prepared by complete and partial femtosecond-laser fragmentation (protocol 2) are referred to as Number 2 ( Figure 2 ) and Number 2a, respectively.
Characterization of Au nanoparticles
Absorbance spectra were measured with a Varian Cary Win UV spectrometer (Varian Inc, Melbourne, VIC, Australia) and fluorescence spectra with a Varian Cary Eclipse fluorometer (Varian Inc, Australia). Fluorescence excitation and emission slits were 5 nm; measurements were taken in 1 cm path length quartz cells (Hellma, Müllheim, Germany).
Particle size in the solution-aging study was measured using dynamic light scattering at a 90° scatter angle on a Nanoparticle Size Analyzer system (Brookhaven Instruments Corp, Holtsville, NY, USA). Data were acquired at 25°C, and sample solutions were prepared by diluting Au nanoparticles into deionized water. The results are given as the mean value of 10 measurements. An ultrasonic revival of the aged colloidal solution was accomplished in a Bandelin Sonorex RK 156 BH (Bandelin Electronic GmbH, Berlin, Germany) commercial ultrasonic bath operating at 35 kHz and with power of 215 W (8.6 W/cm 2 ). The Nikon Eclipse Ti microscope with a Lambert fluorescence lifetime imaging microscopy (FLIM) attachment was used to carry out experiments on the quenching of the rhodamine 6G (Rh6G) dye lifetime in the presence of gold nanoparticles.
TEM images of the colloidal nanoparticles were obtained with a JEOL (Tokyo, Japan) 1010 microscope operating at an accelerating voltage of 100 kV. TEM samples were prepared by dropping 20 µL of the concentrated particle samples on 300 mesh carbon-coated TEM grids and dried in air. Nanoparticle size (nm) Relative abundance (arb units) 40 50 60 Figure 1 Size distribution of gold nanoparticles in the ablated sample solution (protocol 1, sample Number 1) determined by transmission electron microscopy image (inset) analysis: 15 ± 10 nm (at full width half-maximum).
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SERS samples
SERS samples were prepared using a mercaptosilane cross linker to attach the gold nanoparticles to the oxidized surface of a silicon wafer. This was used to form an even layer of nanoparticles on the surface and prevent highly concentrated groupings, thus allowing reproducible measurements. 38 The silicon wafer was sonicated for 10 minutes in detergent Decon 90 (Bacto Laboritories Pty, Ltd., Mt Pritchard, NSW, Australia), rinsed with deionized water and dried with pure nitrogen to ensure a clean surface prior to treatment. An oxide layer was then deposited onto the surface using an ozone ashing. The wafer was immersed in a 10 mM solution of (3-mercaptopropyl) trimethoxysilane 95% (Sigma-Aldrich, St Louis, MO, USA) in ethanol 99.5% (Sigma-Aldrich) and allowed to functionalize overnight. The wafer was rinsed thoroughly with ethanol and dried with pure nitrogen prior to immersion in a solution of Au nanoparticles for 24 hours. The nanoparticles were sonicated for an hour before immersion to resuspend them. The sample was then soaked in a 4.3 µM solution of Rh6G in water for 15 minutes, after which it was rinsed with deionized water. SERS spectra were collected using a inVia Raman (Renishaw, Wotton-under-Edge, Gloucestershire, UK) microscope with an excitation wavelength of 632.8 nm and a holographic grating with 1800 lines/mm. The power exciting the sample was approximately 0.4 mW. A 50× long working distance lens (numerical aperture = 0.5) was used for excitation and collection of spectra. The spectra were collected with three exposures of 10 seconds each. Multiple spectra were taken over the sample to assess reproducibility. No agglomeration of colloidal nanoparticles was observed with an optical microscope at a resolution of ∼1 µm; if surface anchoring was not used, clustering of Au nanoparticles occurred and was discernable under optical observation. We show SERS data only for sample Number 1.
Spectra were analyzed with Matlab (Math Works, Natick, MA, USA). The multiple reference and Rh6G spectra were averaged. The averaged reference was subtracted from the averaged Rh6G spectrum. However, due to a sample-induced change in the Raman background, the reference spectrum was shifted and warped slightly to provide a close fit for the subtraction. The background-corrected Rh6G data was smoothed with a Savitzky-Golay filter using a window size of 15 and a third-order polynomial. This method of smoothing is suitable as it minimally affects the shape and height of the peaks yet significantly improves the signal-to-noise ratio. Origin Pro (Ozapin Lab, Northampton, MA, USA) was used to plot the final data. A background subtraction was implemented to remove any artifacts that appeared during subtraction. The peak fit function was used to find and label peaks.
Results
Structural and optical characterization
By controlling femtosecond-pulse energy in ablation and fragmentation conditions, fabrication of colloidal nanoparticles was optimized for solution stability. It was found that the most stable solution (months without sedimentation) was obtained at the most narrow size distribution of preferentially spherical Nanoparticle size (nm) Relative abundance (arb units) 40 50
Figure 2
Transmission electron microscopy (TEM) images of nanoparticles from the most stable gold (Au) colloidal solution (protocol 2; sample Number 2) fragmented by femtosecond-laser irradiation in pure pH = 7 water (at different magnifications). Inset shows the size (diameter) distribution 24 ± 5 nm using TEM image analysis.
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Au nanoparticles. Figure 2 shows TEM images and size analysis of the most stable colloidal solution (sample Number 2); no agglomeration and sedimentation was observed over a period of 2 months in water without any surface treatment. Figure 3 shows absorption, fluorescence, and extinction spectra of the stable nanoparticles. The narrow absorption peak is consistent with a narrow size distribution of preferentially spherical colloidal nanoparticles. The absorption shoulder at the shortest wavelengths is due to the smallest particles; the cross section of total losses, or extinction, which is due to scattering and absorption
/ / , where r is the radius of the nanoparticle and λ is the wavelength. When the particle size is comparable to the electron travel length during an optical cycle V F s τ = − 1 2 nm, the spectral dependence saturates (the nonlocality limit), 39 where V F is the Fermi velocity and τ s ∼ 3 fs. At 5.1 eV (241 nm), there is a peak in absorption, which should be related to the electron work function of gold.
Fluorescence and its excitation spectra are defined by the electron transition from the Fermi level to d-bands in gold. 40 The nanoparticle fluorescence at 300 nm (4.1 eV) and 409 nm (3 eV) are consistent with the three d-bands (one more band is at 526 nm or 2.34 eV 40 ). Strong emission is excited when Au is ionized at 5.1 eV (241 nm). Fluorescence at 410 nm was observed in the case of stable nanoparticles with the excitation maximum at 296 nm (see the excitation peak at 290-300 nm in Figure 3 ). This is consistent with the presence of the very small few-nanometer-diameter nanoparticles whose presence is also discernable as a plateau region in the optical extinction spectrum (at that particle size, the absorption becomes strong and spectrally featureless). Size distribution data from Figure 2 were used to model the absorption spectrum and close to a perfect match was obtained (see Figure 3 ; more details on simulations are presented below). Figure 4 shows the extinction spectra and TEM images of samples Number 2a and Number 1 at concentrations 0.5 and 0.1 g/dm 2 , respectively. Those samples showed aging and precipitation after 1 week in water. Sample Number 2a had a narrower size distribution of the colloidal particles, while sample Number 1 had more size poly-dispersed colloidal nanoparticles. However, in both cases, the fragmentation in supercontinuum was not optimized for the most narrow size distribution, which as a rule, yielded in the most stable solutions. Water solutions of nanoparticles were mildly basic at pH 8.25 (Number 2a) and 8.64 (Number 1). This is consistent with a negative charge of the gold-colloidal particles which attracts H + ions. This negative charging of the nanoparticles is the key reason for long-term stability of the colloidal solution and can be linked to the strong electron affinity to gold that was observed in organic solar cells. 41 Exact mechanism of nanoparticle growth under laser irradiation needs further investigation. Usual growth predicted via microscopic solvability theory can be strongly violated at short time scales; 42 also, a strong ionization 43 of solution due to filamentation and white light continuum generation is expected to favor high zeta potential values required for stability of colloidal solution.
Sample Number 1 had nanoparticles with melt-like features whose shape was not spherical, while nanoparticles of sample Figure 2 ) at the excitation wavelength λ ex = 296 nm and emission at λ em = 410 nm, respectively; the normalized absorption spectrum is shown as a gray background. Theoretical fit by Mie-Gans theory based on Figure 2 data is shown.
Number 2a were spherical and elliptical with diameters ranging from 5 to 40 nm (the average diameter was approximately 15 nm). It is possible to control to some extent the width of the size distribution of nanoparticles by choice of focusing, propagation length inside water, and pulse energy, which define supercontinuum generation. 44 The optimized conditions were used to make stable solution Number 2 ( Figure 3) . It is noteworthy that a wider distribution of particle sizes is a promising feature for spectrally broadband sensing applications and might be useful for photo-catalysis and SERS.
The double feature in the extinction of sample Number 2a is consistent with elliptical particles (rod-shaped were used in modeling) of small aspect ratio ∼2 recognizable in related TEM images. Fast thermal quenching of gold nanoparticles formed in the plume of ablation by femtosecond-laser pulses can capture elliptical nanoparticles before surface tension forms molten spheres. 45 Figure 4 shows simulated extinction spectra for normally distributed spherical gold nanoparticles using full Mie 46 theory and hemispherically capped cylindrical rods using electrostatically approximated Mie-Gans 47 theory; the mean and standard deviation of radius and aspect ratio are shown in the figure. A quantitative match is achievable when the size distribution is extracted from TEM observations. Sample Number 2a has spherical and rod-like particles of aspect ratio close to 2 ( Figure 4B) ; sample Number 1 is dominated by spherical particles which have a large size distribution d = 15 ± 14 nm ( Figure 4A ). The simulation fit in Figure 4A has been achieved by Mie theory. The shoulders at the longer wavelengths are due to the presence of elliptical and spherical nanoparticles, while at the shorter wavelength, a contribution of smaller few-nanometerdiameter nanoparticles is present. The smallest nanoparticles are absorptive and luminescent.
Samples Number 1 and 2a were prone to agglomeration and showed changes consistent with the formation of larger particles as measured by optical extinction. Ultrasonic bath treatment revived the sample (the solution returned to a deep red color). An example of such behavior is illustrated in Figure 5 where the scattering spectrum is deconvoluted into the corresponding size distribution. (Note that the size distribution in Figure 3 
judged by image processing and in Figure 4 by rigorous Mie scattering with consideration of shape and size effects.) The entire population of nanoparticles larger than 100 nm (assumed to be spherical) was wiped out by ultrasonic treatment.
Fluorescence and its quenching
The presence of an oxide cladding on the Au nanoparticles changes their chemical and optical properties. FLIM was used to determine a possible charge separation, plasmonic enhancement, and quenching. Fluorescence of gold 48 has been detected using 392 nm excitation light. However, in our FLIM experiments we used a longer wavelength excitation. If the Au surface is covered with a dielectric cladding of up to several nanometers thickness, this can provide fluorescence enhancement of the dye around the nanoparticle (a pure metal surface usually quenches the fluorescence). Fluorescence of gold nanoparticles can also be excited by two-photon absorption. 49 FLIM and SERS experiments were carried out to elucidate the issue of quenching.
To characterize the quenching of a common fluorescent dye (Rh6G) by Au nanoparticles with FLIM, the frequencydomain approach was utilized, wherein the lifetime is determined from the phase, φ, and modulation, M, of the fluorescence signal. Figure 6 shows typical FLIM measurements on the phasor plot. The phasor plot is a convenient representation of the phase and modulation values, where: Figure 6 A shows a phasor plot output for FLIM measurements of Rh6G 5 µM where it is also used as a reference; Figure 6B displays a lifetime measurement of sample Number 1 with the same concentration of Rh6G.
Comparing Figure 6A and B, a shift to the right (shorter lifetime) is evident, which would normally signify quenching of the rhodamine due to the presence of nanoparticles. However, because the concentration of fluorophore was low in our experiments, we wanted to exclude background fluorescence as a source of the apparent quenching. We therefore employed an approach first introduced by Caiolfa et al 50 to remove the background signal. The idea is illustrated graphically in Figure 7 . This approach involves first measuring the background phasor, then measuring the sample and background phasor, and then drawing a line through the two phasors and extrapolating to the semicircle. The intersection point with the semicircle contains information about the lifetime of the sample with the background removed. If we let the intersection point be at coordinates (A, B) then the lifetime, ). The calculated lifetimes for Rh6G solution mixed with different concentrations of Number 2a and Number 1 samples are shown in Figure 8A and B, respectively. Turning first to sample Number 2a, Figure 8A , the lifetime of 12 nM Rh6G is 4.2 ns and apparently independent of gold nanoparticle concentration. For the 2.5 nM Rh6G sample, a similar lifetime is observed; however, as the gold nanoparticle concentration exceeds 200 ppm, there is a progressive decrease in Rh6G lifetime. This is evidence that the gold nanoparticles are quenching the Rh6G solution. For sample Number 1, Figure 8B , the 12.5 nM Rh6G solution appears to be weakly, if at all, quenched by the gold nanoparticles.
However, the 2.5 nM Rh6G solution is strongly quenched (lifetime ∼2 ns) by the nanoparticles at all concentrations tested (20-100 ppm range).
Fluorescence quenching is consistent with the pure-metallic nature of Au nanoparticles 51 obtained by ablation in water and is discussed further in the Discussion section.
SERS
The SERS spectrum of diluted Rh6G solution (4.3 µM) was measured using Au nanoparticles (solution Number 1 after ultrasonic resuspension) attached to a silicon wafer surface by a mercaptosilane cross linker. The immobilized Au nanoparticles were expected to act as an SERS substrate. 52 When the nanoparticles were exposed to the Rh6G solution, the SERS spectrum clearly showed the Rh6G signature peaks with a small shift from those in solution 53 Figure 9A . Change of spectral positions of the peaks by ±(7-10)cm −1 corresponds to 1.24 meV or 0.12 kJ/mol and is expected for adsorbed molecules. The differential spectrum ( Figure 9B ) clearly reveals Rh6G and demonstrates the feasibility of using laser-ablated Au nanoparticles for SERS sensing.
Discussion
For conventional dynamic quenching of fluorophores, the lifetime of fluorescence should decrease with increasing quencher concentration and also the quenching should be independent of fluorophore concentration. For static quenching, which occurs through complex formation, the lifetime is usually not affected, but the static quenching can depend on the stoichiometry of the fluorophore and quencher.
The results obtained with the Rh6G and gold nanoparticles appear to be intermediate between a static and a dynamic quenching mechanism. We propose that owing to the electrostatics on the gold particles, Rh6G is attracted to the gold particle surface. This is consistent with an electron affinity of gold, which for example, causes a charge separation in organic solar cells. 41 The large size of the gold nanoparticles enables many Rh6G molecules to bind, which are then effectively quenched by a short range mechanism, perhaps electron transfer. 54 This sort of fluorescence quenching process is well known for Rh6G on silver nanoparticles, where it plays an important role in enabling single molecule spectroscopy 5 and is likely to play a similar role in gold nanoparticles. 55 Evidence for electron transfer is readily seen at the low concentration of Rh6G, where there should be a high proportion of bound Rh6G in complex with the nanoparticles. But when the Rh6G 
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concentration is increased, the bound Rh6G molecules are already saturated on the gold surfaces, and the proportion of free Rh6G increases and effectively dominates the total fluorescence signal. In this case, the normal lifetime of Rh6G is observed and is independent of nanoparticle concentration.
The different behavior of the Number 2a and Number 1 particles can be accounted for in this mechanism by the different surface availabilities for Rh6G.
The initially untreated Au nanoparticles are a promising platform for surface functionalization and attachment to other surfaces. Importantly, aqueous systems that are vital for biological and medical applications are directly compatible with Au nanoparticles formed by ablation in deionized water. In contrast, chemically synthesized gold nanoparticles require substantial modification before they are compatible with these applications. 56 Stable colloidal solutions will find applications in microfluidic and laser trapping fields 57, 58 and could be used on nanotextured sensing platforms such as black silicon. 59 New pathways to make chemical bonding of nanoparticles are expected to find applications in imaging via plasmonic light scattering inside cells and for medical applications.
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Conclusion
A facile method of fabricating stable gold nanoparticles of controlled size and shape distribution by femtosecond-laser ablation and fragmentation in water is demonstrated. The high concentration solutions obtained via this process were characterized optically, structurally, and their fluorescence quenching behavior has been revealed.
Laser produced Au nanoparticles can be centrifuged for even better size separation. New pathways of chemical functionalization of such nanoparticles can be envisaged as compared with chemically synthesized and stabilized Au colloids. SERS applications will benefit from a wider choice of available surface modifications compatible with aqueous solutions in biological and medical applications.
